Abstract We report field measurements of waves and currents made from September 2011 to July 2014 on Palmyra Atoll in the central Pacific that were used in conjunction with the SWAN wave model to characterize the wave dynamics operant on the atoll. Our results indicate that wave energy is primarily from the north during the northern hemisphere winter and from the south in the northern hemisphere summer. Refraction of waves along the reef terraces due to variations in bathymetry leads to focusing of waves in specific locations. Bottom friction, modeled with a modified bottom roughness formulation, is the significant source of wave energy dissipation on the atoll, a result that is consistent with available observations of wave damping on Palmyra. Indeed modeled wave dissipation rates from bottom friction are on average larger than dissipation rates due to breaking and are an order of magnitude larger than what has been observed on other, less geometrically complex reefs, a result which should be corroborated with future in situ measurements. The SWAN wave model with a modified bottom friction formulation better predicts bulk wave energy properties than the existing formulation at our measurement stations. The near bed squared velocity, a proxy for bottom stress, shows strong spatial variability across the atoll and exerts control over geomorphic structure and benthic community composition.
Introduction
Surface waves are often the primary forcing mechanism which drives flow on coral reefs [Monismith, 2007] . At shallow depths, surface waves create oscillatory motion and bottom stresses, which have important effects on the reef ecosystem such as modulating substrate type and benthic community structure and morphology Williams et al., 2015] . Wave regime also influences coral growth rates [Dennison and Barnes, 1988] as well as local bathymetric features such as spur and groove formation [Rogers et al., 2013; Rogers et al., 2015] , and ultimately impacting the morphology of reef platforms [Chappell, 1980] . Waves serve as a connector between basin-scale oceanographic winds and reefs through their transfer of energy [Lowe and Falter, 2015] . Waves often serve as a strong control on the hydrodynamics and geomorphology of reef systems, and as such, are deserving of increased attention in a future climate of potential greater storm intensity and sea level rise [Ferrario et al., 2014; Baldock et al., 2014; Storlazzi et al., 2011] . Despite their importance for understanding the fate of reefs in a changing climate, we know very little about the wave activity across many of the most vulnerable atolls and low-lying islands of the Pacific [Riegl and Dodge, 2008; Woodroffe, 2008] .
Numerous small islands and atolls dot the central Pacific, including Palmyra Atoll, in the Northern Line Islands. Due to its location within the trade wind belts, Palmyra was chosen as a major field site for Walter Munk's 3 month study of wave propagation across the Pacific [Snodgrass et al., 1966] . To our knowledge, since that time, none of the Northern Line Islands including Palmyra, have been the location of any published long-term wave measurements. Due to the lack of on-island measurements, previous estimates of waves at Palmyra have used results from remote sensing or models [Riegl and Dodge, 2008; Gove et al., 2015; Williams et al., 2015] , which have not been locally validated. The Northern Line Islands are of significant ecological interest [Stevenson et al., 2007; Sandin et al., 2008] ; and Palmyra in particular because of its status as a National Wildlife Refuge, is thought to represent a reef with little anthropogenic degradation and abundant calcifiers. Thus, characterizing the wave dynamics in this isolated system with an intact exterior reef structure and highly frictional environment is of interest.
Classically, waves have been studied through linear wave theory and represented as a time average over many waves, with real seas approximated as the spectral sum over many frequencies [Dean and Dalrymple, 1991] .
Waves on reefs are commonly modeled using a phase-averaged wave action approach, in which bottom dissipation is parameterized as a function of wave excursion to bottom roughness scale with a maximum f w of 0.3 [Jonsson, 1966; Madsen et al., 1988] . For reefs with f w below 0.3, this approach has shown good model skill when compared with field data [Lowe et al., 2005] . However, this approach has not been tested in high friction environments. Since the measured f w on Palmyra is well above 0.3 in some locations , we anticipate that models using this friction parameterization (e.g., Simulating WAves in the Nearshore (SWAN)) will perform poorly and thus require revision.
Wave breaking, another important source of energy dissipation on reefs, occurs where the depth is on the order of the wave height, and is typically approximated as a constant breaking parameter [Symonds et al., 1995; Becker et al., 2014] . The breaking of waves creates a net increase in the water level behind the surf zone, typically a reef flat or lagoon, an effect that depends on the breaking parameter [Symonds et al., 1995; Vetter et al 2010] . Given that this setup usually drives flow through the reef system, wave breaking is seen to be an important influence on the hydrodynamics of interior reefs and lagoons, and thus on residence time and mean currents, both of which are important for ecological and biogeochemical processes [Baird and Atkinson, 1997; Atkinson et al., 2001; Falter et al., 2013] . The wave breaking parameter has been wellstudied on sandy beaches and is typically assumed constant at about 0.8 [Battjes and Janssen, 1978] . Beyond the studies of Vetter et al. [2010] and Monismith et al., [2013] , the breaking fraction has not been well characterized on reefs for steep bathymetry with high friction.
To the best of our knowledge, the wave dynamics of a reef with the high frictional effects observed on Palmyra Atoll have not been characterized previously. Additionally, a phase-averaged wave model has not been applied in high frictional environments with coincident field data to parameterize frictional effects and wave breaking. Finally, the effect of wave-induced bottom stress on geomorphic structure and biological cover in this environment is of significant ecological interest. The aim of this study is to address this knowledge gap by characterizing the wave dynamics of Palmyra Atoll through field measurements made from 2011 to 2014 and modeling studies. We examine the effects of high friction on the wave dynamics of the atoll and suggest modifications to the SWAN model to account for the exceptionally high bottom friction of the reef. We then address the role of waves in shaping the geomorphic and ecological community structure of Palmyra and address the extensibility of these findings to other reef systems.
Study Site
Palmyra Atoll (58 52'N, 1628 05'W) is part of the Northern Line Islands of the central equatorial Pacific ( Figure  1a ). Largely because of the absence of acute anthropogenic stressors, Palmyra's exposed reef tracts (outside of the lagoons) contain abundant and diverse calcifiers, namely hard corals and crustose coralline algae [Williams et al., 2013] with relatively high community production and calcification rates .
The atoll consists of a forereef, reef crest, and shallow back reef region on both its northern and southern sides, while the western and eastern edges are dominated by open terraces of 5-20 m depth with abundant corals. (Figures 1b and 2) [Rogers, 2015] . The forereefs are characterized by abundant live hard coral cover (Figures 1c, 1d and 2 ). Near the reef crest where the surfzone is found, the substrate largely consists of rubble whereas further inshore, larger corals are common on the back reef (Figure 1e ). The open terraces are Journal of Geophysical Research: Oceans 10.1002/2015JC011170 Figure 1 . Palmyra Atoll location, site layout, and experiment instrumentation (a) location of Palmyra Atoll, (b) layout of atoll and instrument locations for long-term measurement (highfrequency, magenta squares; and low-frequency only, magenta circles), NFR13 and SFR14 short-term experiments (yellow circles), and weather station (green star), image courtesy of NOAA. (c) typical northern forereef with spur and groove formations near NFR13, (d) typical southern forereef near FR3, (e) breaking wave on reef crest near PSM courtesy of Brian Zgliczynski, and (f) Millennium Atoll, Kiribati with very rugose spur and groove formations on the forereef, courtesy of Stanford@SEA.
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typically characterized by high live coral cover with high rugosity and complex bathymetry (Figure 2 ) [Williams et al., 2013] .
Field Measurements
Field Experiments and Data Analysis
The field experiment consisted of an array of velocity and pressure sensors deployed between September 2011 and July 2014 designed to characterize the wave dynamics around the atoll (Figure 1b and Table 1 ) [Rogers, 2015] . During this study period, two high-resolution short-term experiments were also conducted. The first on the north forereef during September 2013, hereafter referred to as NFR13, with additional details in Rogers et al., [2015] , and the second during July 2014 on the south forereef FR3, hereafter referred to as SFR14 with additional details in Monismith et al., [2015] (Figure 1b and Table 1 ). Pressure measurements were made with Richard Brancker Research DR1050 and VirtuosoD sensors, and velocity and pressure measurements were made with RDI Teledyne ADCPs and Nortek ADPs with sampling rates and locations in Table 1 . Note that sampling rates for long-term experiments were constrained by battery power due to the long times (1 year) between instrument deployment and recovery. Winds were taken from a local weather station (Campbell Scientific with RM Young Wind Sentry, Figure 1b Instantaneous measured velocity data u(u,v,w) in geographic coordinates (east, north, up) were rotated to local bathymetry coordinates of cross-shore (x) and alongshore (y) directions with positive cross-shore coordinate defined as toward the atoll center. The vertical (z) coordinate is taken as upward from mean sea level (MSL). Time averaging ( ) was computed over 30 min intervals for mean velocity u, average free surface deviation from MSL, f, and wave statistics. 
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Wave analysis was conducted on pressure p and velocity data by dividing each 30 min segment into sections of equal length such that the frequency resolution was 0.0017 Hz, each with 75% overlap, applying a Hanning window to the segments and computing spectra S f ð Þ of frequency f. The significant wave height H s was calculated by,
(root mean square (rms) wave height H rms 5H s = ffiffi ffi 2 p ), integrated from 4 to 25 s for the swell band (ss), and 33 to 600 s for the infragravity band (ig), where S ff f ð Þ is the power spectral density of the free surface f, calculated from, S ff 5S pp cosh kh= qg cosh kh g À Á Â Ã 2 . S pp f ð Þ is the power spectral density of p with the mean removed (detrending was not needed as tidal variations are small in the analysis window), q is density, g is gravitational acceleration, h is depth of the bottom below MSL, h g is the height of the pressure gauge above the bottom, and wavenumber k is related by the dispersion relation r 2 5gktanh kh, and radian frequency r52pf 52p=T [Dean and Dalrymple, 1991] . Peak wave period T p , was the period of peak S ff f ð Þ, and mean wave period, T m was calculated based on the first spectral moment of S ff f ð Þ. At several sites in the interior lagoons (CHAN, BE, DOCK, EL), instrument depths were too deep to accurately measure dynamic pressure from the dominant wind generated waves, with peak periods typically less than 3 s. At one site (RT13), with low-resolution sampling rate (12 s), H s was obtained by H s 54E var g ð Þ ½ 1=2 n o , where g was obtained from the measured dynamic pressure [Dean and Dalrymple, 1991] with assumed peak period from a nearby gauge (FR9), variance, var g ð Þ was obtained from a bootstrapping method with 30 iterations to remove potential aliasing effects, and E is the expected value.
Wave Climate
The WWIII model results compare reasonably well to the time variability in field measurements of significant swell wave height extrapolated to offshore H s0 by using conservation of energy flux to the north (from FR9) and to the south (from FR5) correcting for shoaling, refraction, and bottom friction (Figure 3a ). On average, 
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the WWIII results are 25% higher for the average (50%) and 15% higher for the high wave events (98%), (i.e., comparing the larger of H s0 from north or south to WWIII H s0 ). The trends in offshore wave height from field measurements (2012) (2013) (2014) are similar to results from the long-term WWIII model (1979-2014) (supporting information Figure S1 ).
Based on the field measurements of the swell wave H s on the north forereef of the atoll (FR9) varied from 0.4-1.0 m during the summer months to 3.1 m from wave swell events in the winter months. H s on the southern side of the atoll (FR3 and FR5) was typically 0.4-1.0 m except for swell events in summer months of up to 2.6 m ( Figure 3b ). H s on the western terrace (RT4, RT13) was typically about 0.1 m, but increased to 0.9 m during large swell wave events. The swell wave peak period T p on the forereef was typically 5-10 s for periods of wind wave forcing, and up to 20 s for strong swell wave events ( Figure 3c ). The peak wave events are associated with generally higher period waves, with decreasing peak frequency with time, consistent with the dispersion relation and waves originating from distant sources (Figures 3d, 3e, and supporting information Figure S3 ). On the forereef, there was energy concentrated in short-period waves coincident with increased local winds, and consistent with locally generated wind waves (Figures 3d, 3e, 3f) . Thus the power spectra often had a characteristic double peak. Note wind measurements prior to September 2013 were from MERRA global reanalysis model, and after from the onsite weather station, thus the increase in variability is likely from a change in measurement method ( Figure 3f ). Additional discussion on swell and infragravity wave climate is shown in supporting information Text S1 and S2.
Overall, the wave climate shows dominant waves from the north likely originating from storms in the northern hemisphere winter and dominant waves from the south likely originating from storms in the southern hemisphere winter in both the offshore and on atoll measurements (Figure 3 ). On average, the north forereef receives approximately twice the total swell energy flux as the southern forereef, and at some locations within the interior of the atoll, tides play a significant role in modulating the wave energy (supporting information Figure S2 ).
Wave Friction
We used techniques similar to Monismith et al. [2015] in order to analyze the effects of bottom friction. Briefly, the total energy flux F was computed as,
where C gx is the group velocity in the cross shore direction. Mean wave direction h m was computed from the first spectral moment of h f ð Þ calculated
, where S uu and S vv are the autospectra and S uv is the cospectra of u and v from the near bed ADCP/ADPs bins [Herbers et al., 1999] . Average rate of frictional wave dissipation e between two points, using the simplified energy flux equation [Dean and Dalrymple, 1991] ,
where DF is the change in energy flux, and Dx is the distance between two points. Wave-reflected energy is assumed small, see Monismith et al. [2015] . In most wave models, frictional dissipation is assumed to take the form,
where f w is the wave friction factor, and the near-bottom wave velocity, [Dean and Dalrymple, 1991] . The maximum bottom stress s b from waves is then,
where U b 5 ffiffi ffi 2 p U rms , and f w is essentially equal in equations (4) and (6) [Nelsen, 1996] . U 2 b is a proxy for bottom stress, which has the advantage of being independent of the local f w (which is generally approximate or unknown). A parameterization for f w was proposed by Swart [1974] ,
with a 1 5 5.213, a 2 5 20.194, and a 3 5 25.977, a bottom roughness scale k N, with the wave excursion distance A b 5U b =r.
The loss of energy flux due to bottom friction was computed for three study sites, which were located on the forereef such that they receive swell energy from only one predominant direction (Figure 1b) . The first was during the NFR13 experiment during 4 days in September 2013, between deep forereef (C1), shallow terrace (B4), and shallow terrace (A4) separated by 100 and 15 m, respectively . The second was between November 2013 and March 2014 between the FR9 and RT4 stations, separated by 1400 m. The third was the 6 day SFR14 experiment during July, 2014, between 11.2 m depth and 6.2 m depth on the south forereef near FR3 separated by 56 m .
Onshore propagation wave energy flux decreased with onshore propagation for the three study sites, with the highest total dissipation occurring for sensors with the greatest separation at the Western Terrace site (Figures 4a-4c ). Using the average bottom rms velocity (the mean of U 3 rms at each site) (Figures 4d-4f ), and equations (3) and (4), we calculated that f w varied from 0.5 to 5 (Figures 4g-4i) , and k N was approximated using a least squares fit to equation (7) which varied from 1.1 to 2.5 m.
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From classical laboratory experiments on sediment, k N is 2-3 times the characteristic diameter [Nielsen, 1992] . In this case, the characteristic diameter would be 0.37-1.25 m, which is consistent with the scale of coral heads observed at the site (Figures 1c-1e) . Determination of k N without direct wave dissipation measurements is an area of active research. Lowe et al. [2005] effectively computed k N from the standard deviation r r of a cm scale bathymetric survey with k N 4r r , however this method has yet to be applied to other reefs. Compared to other remote sites in the pacific, the reefs on Palmyra are about average coral cover [Bruno and Selig, 2007; Knowlton and Jackson, 2008] and coral species richness [Maragos and Williams, 2011] , and thus likely about average benthic complexity. Other reef sites exist in the Pacific with much higher complexity. For example, compare the very rugose spur and groove formations on the forereef of Millennium Atoll, Kiribati (Figure 1f ) and described in Barott et al. [2010] with that of Palmyra (Figure 1c-1e) . Thus it is likely that higher wave friction factors than those measured here exist at other reefs.
Wave Breaking
Wave breaking is typical along the north and south reef crests depending on incoming wave forcing and is often a clearly visible feature underwater (Figure 1e ) or in aerial images (Figure 1b) . We assume a simple one-dimensional model for waves and mean setup f, assuming a radiation stress gradient and pressure gradient balance, no net flow, and wave dissipation from bottom friction and breaking,
where S xx is the radiation stress [Dean and Dalrymple, 1991] . Bottom dissipation e is taken from equation (4), and the breaking dissipation e b is taken to satisfy depth limited breaking, where the breaking parameter is 
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c s 5H b =h b . This is similar to the methods employed by Vetter et al. [2010] , but including wave bottom dissipation, which is important at this site. Note, if the rms wave height is referenced c rms 5c s = ffiffi ffi 2 p .
We apply equations (8) and (9) on the north side of the atoll between the forereef (FR7) and the shallow back reef (NBE) which experiences little net flow, with measured waves from the northwest forereef (FR9). Wave forcing along the respective side of the atoll is typically relatively uniform in space, for example between FR3 and FR5 measured H s was very similar (Figure 3b) . Therefore, it is reasonable to assume that the measured H s at FR9 approximates the H s on the forereef offshore of FR7. To determine the constant offset between depth gauges on the forereef and back reef, average setup was regressed against incoming F (supporting information Figure S6a) . A forward Euler model of equations (8) and (9) was employed and c s was iterated until the setup matched the field observations (supporting information Figure S6b ).
On average, the computed breaking parameter c s , was 0.83 6 0.21 (supporting information Figure S6b) . Previous studies have shown the mean setup due to waves increases with increasing bottom friction, especially on the reef flat [Apotsos et al., 2007; Franklin et al., 2013; Vetter et al., 2010] .
Wave Modeling
Wave Model
The SWAN module [Booij et al., 1999] of the Coupled-Ocean-Atmosphere-Wave-Sediment Transport (COAWST) program was used to model waves on the atoll [Warner et al., 2010] . The evolution of the wave spectrum is described by the spectral action balance equation first shown by Bretherton and Garrett [1968] and refined by others including Hasselmann et al., [1973] :
where the wave action density N r; h ð Þ5E r; h ð Þ=r, E is wave energy, and U is mean velocity. The terms in equation (10) from left to right represent the unsteadiness, propagation in geographical space (P xy ), shifting of relative frequency (P r Þ, and shifting of wave direction due to refraction (P h ), and the source/sink term S tot given by, S tot 5S in 1S nl3 1S nl4 1S ds;w 1S ds;b 1S ds;br ;
where S in is transfer of wind energy to waves, S nl3 is transfer of energy from wave triad interactions, S nl4 is transfer of energy from wave quadruplets, S ds,w is wave dissipation from white capping, S ds,b is wave dissipation from bottom friction, and S ds,br is wave dissipation from breaking and are described in Booij et al. [1999] .
Of several methods available to model the bottom dissipation S ds,b , including those of Hasselmann et al. [1973] , and Collins [1972] , this study uses the method of Madsen et al. [1988] where S ds,b is solved using a method similar to equation (4), which is dependent on wave properties and a bottom roughness scale k N . This method uses a parameterization for f w originally proposed by Jonsson [1966] for rough turbulent conditions in implicit form (Figure 5a ) (limited to f w < 0:3 for a defined solution),
with the wave excursion distance A b 5U b =r, and m f 5 20.08. Swart [1974] recast equation (12) as an explicit formulation not limited to this constraint (equation (7)).
The model grid consists of a rectangular (xy) grid covering 34.1 by 14.1 km at 50 m grid resolution, extending from 2162.2387 to 2161.93138W and 5.8189-5.94708N (a zoomed in view of the atoll is shown in Figure  2a ) [Rogers, 2015] . The data used for the model bathymetry were based on NOAA ship-based multibeam bathymetry for depths greater than 10 m, and linear regression of 5 m grid IKONOS multispectral data for shallow depths (Pacific Islands Benthic Habitat Mapping Center, http://www.soest.hawaii.edu/pibhmc). Grid bathymetry was interpolated from data sources and smoothed using a Shapiro filter until the appropriate grid stiffness parameters were met (R < 0.4). Additionally, the reef crest was explicitly included in the grid based on field measurements and aerial images, and max depth was trimmed at 200 m. Mapping of the
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geomorphic structure (Figure 2b ) and dominant biological cover (Figure 2c ) was obtained from NOAA NCCOS Benthic Habitat Mapping (http://ccma.nos.noaa.gov/ecosystems/coralreef/palmyra), and in conjunction with computed values of bottom roughness height k N at FR3,FR9, and RT4 (section 3.3) were used to infer k N over the model domain (Figure 5b ).
Boundary conditions were taken from measured wave height and period on the north (FR9) and south (FR5) of the atoll, corrected for changes to height, travel time, and bottom dissipation from the measured location to the model boundary (Figure 3a) . The FR9 and FR5 sites are on the outward facing forereefs with nearly parallel alongshore bathymetry (Figure 2a) , and thus free from focusing effects and representative of the wave dynamics on the respective sides of the atoll. The primary boundary wave angle was taken from the NOAA Wave Watch III Model results (http://polar.ncep.noaa.gov/waves/index2.shtml), while the wave angle for the opposite boundary was taken as due south or due north for the north and south boundaries, respectively. The properties for the east and west boundaries were taken from the north or south boundary with the larger H s . Wave properties are assumed uniform along each boundary for waves coming into the domain. The boundaries employed a JONSWAP spectrum based on wave height and period. Wind forcing was included, see section 3.1 (Figure 3f ). Model directional resolution was 58, and there were 40 logarithmically spaced frequency bins between 0.04 and 1 Hz. The enabled SWAN physics modules included : Madsen et al. [1988] friction method with spatially variable k N , zero mean currents, enabled wave triad interaction, enabled wave quadruplets, constant breaking parameter, and constant water level. The model was run at a 1.5 h time step for September 2012 to July 2014 in parallel on 62 AMD 2.4 GHz Opteron 6300 processors for 20 hr. Revisions to the SWAN friction parameterization are discussed in the following section.
Model Modifications and Performance
The two primary adjustment factors in the SWAN model are the breaking parameter and bottom friction. A breaking parameter of c s 5 0.66 was used in the model.
Measurements of the wave friction factor f w from three sites on Palmya range from 0.4 to 5.7 (Figures 4 and  5a ), similar to field results from Lentz et al. [2015] . These results are higher than previous field studies on reefs from Nelson [1996] The existing formulation for f w in SWAN using the Madsen et al. [1988] formulation is based on Jonsson [1966] (J66), and parameterized as a function of A b =k N , with a maximum value of 0.3 (equation (12)), which is well below the measured values on Palmyra (Figure 5a ). To account for the higher measured frictional effects, we propose a modified friction parameterization in SWAN based on Swart [1974] (S74):
with a 1 5 5.213, a 2 5 20.194, and a 3 5 25.977 (Figure 5a ). This parameterization is equal to the existing SWAN friction parameterization for large A b =k N (equation (12)), but extends the parameterization for low A b =k N . The maximum value of 50 was selected based on the highest reported experimental data [Simons et al., 1988] . A fit to all the available data (excluding the present study) gave an R 2 of 0.92 for the proposed method. An alternate set of coefficients for equation (7) proposed by Nielsen [1992] (a 1 5 5.5, a 2 5 20.2, a 3 5 26.3) have a similar fit to the data, with R 2 5 0.90 (Figure 5a ).
A maximum value for f w must be specified in the model since in this formulation, the dissipation is the product of f w and U 3 b (equation (4)). With increasing depth, U 3 b decays like sinh 23 kh (equation (5)), while f w grows exponentially with depth (equation (7)). For typical waves, the exponential growth of f w starts to dominate the dissipation for A b =k N less than about 0.006 (f w 3x10 3 ), and thus the cutoff of 0.0369 is well above this limit. Additionally, for very low A b =k N , inertial forces will dominate over drag forces [Lowe et al., 2005] , and thus the parameterization in equation (13) may not be correct in this regime.
The SWAN model was run for three scenarios, (1) existing SWAN friction formulation (J66) with c s 5 0.66, (2) proposed friction formulation (S74) with c s 5 0.66, and (3) proposed friction formulation (S74) with c s 5 0.92. To compare model predictions of a given variable of interest X model to the observations X obs in reef environments [Lowe et al., 2009] , we used a quantitative measure of model skill [Willmott, 1982] ,
where perfect agreement between model results and observations will yield a skill of one and complete disagreement yields a skill of zero. Model skill of modeled versus measured wave height at the forereef sites (FR3, FR5, FR9, NFR13) have similar skill scores of 0.84-0.94 for all model runs, but model skill at the western terrace sites (RT4, RT13) varies significantly depending on the friction formulation ( Figure 6 , supporting information Table S1 ). At the western terrace (RT4,RT13), model skill is significantly improved from 0.33 to 0.85 and 0.21 to 0.43, respectively, using the proposed friction formulation. Using a different value of c s 5 0.92 gives nearly identical model skill (supporting information Table S1 ), and results were insensitive to selected directional and frequency resolution.
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With the revised bottom friction formulation (equation (13)), the SWAN model generally shows good skill in predicting wave height at the measurement locations ( Figure 6 ). Model skill is most improved over the existing friction formulation at the terrace sites (RT4, RT13), and the change in wave height between the existing (J66) and proposed (S74) friction methods is most pronounced where cumulative frictional effects are large compared to the forereef where they are smaller (Figure 6g ). Thus reef width has a large effect on the wave height with the different friction formulations.
One likely factor in residual error is the forcing wave angle in the model which is taken from the WWIII regional model. In addition, variations in the mean water level are not included in the model which shows strong coherency with measured wave energy at some locations (supporting information Figure S2a ). However, there was no significant correlation between residual errors and mean water levels at the sites (max R 2 5 0.06), suggesting this may be a minor effect. In addition, SWAN does not include the effect of nonlinear transfer of wave energy to low frequencies, which is observed in the field data (supporting information Figure S4 ). However, there was also no significant correlation between residual errors and infragravity wave energy at the sites (max R 2 5 0.04) suggesting this may also be a minor effect. Finally, the model does not include the effects of diffraction or mean currents, which could be important in some locations on the atoll. Despite these approximations, the SWAN model well predicts the bulk swell wave properties on the atoll at the gauge locations using the new friction formulation.
Wave Transformation and Dissipation
Model results for representative wave conditions from dominant north waves on 21 December 2013 (Figures 7a, 7c, 7e, 7g) show high H s on the north side of the atoll, and shielding effect on the south. The terraces have localized areas of highly focused waves and H s generally decreases inward to the lagoons which had very low H s . Wave period mostly corresponds to the dominant source waves, and wave direction reflects refraction patterns around the atoll. Wave breaking is strong on the north side of the atoll and weak on the south side. Model results for representative wave conditions from dominant south waves on 4 July 2013 (Figures 7b, 7d, 7f, 7h) show similar patterns as the dominant north waves condition but with reversed direction. Strong wave focusing occurred on the terraces, and wave breaking is similar on both sides of the atoll.
In general, the waves on the east and western edges of the atoll (and the model domain) have higher wave heights because they are outside the shadow effect of the atoll and receive energy from both the north and south directions. SWAN solves the action density equation using the full frequency-directional spectrum. Thus, the model should be able to simulate double-peaked spectra. The results for T m and h ( Figures  7c-7f ) are mean properties and indicate the properties corresponding to the dominant energy. Thus in the locations of sharp transitions in T m and h, the spectra are double peaked and transitions are smoother than indicated by the bulk properties.
Offshore in deep water, and within the interior deeper lagoons, the dominant terms in the wave action equation are propagation, wind input and dissipation by whitecapping (Figure 8 ). This is consistent with long-period waves propagating from the boundary and local generation of wind waves.
As the waves approach, the atoll they shoal and refract approaching normal to the local bathymetry (Figures 7e and 7f) , such that the leading terms in the wave action equation are generally between geographical propagation and wave refraction (Figures 8a and 8b ), while dissipation from bottom friction also becomes important (Figure 8e ). Dissipation by wave breaking is only important in the surf zone, along the north and south forereefs (Figure 8f ). The fraction of total dissipation (S ds 5S ds;b 1S ds;br 1S ds;w ) due to bottom friction shows bottom friction is the dominant dissipation mechanism except for a few locations on very shallow terrace (h < 1 m) where dissipation due to whitecapping is larger (Figure 8g ). Within the surf zone, breaking accounts for about 25-50% of the total dissipation (Figure 8h ). Thus, bottom friction is the dominant average energy dissipation mechanism on the atoll, even within the surf zone. The estimated wave friction factors from three separate measurements on the north and south forereef range from 0.4 to 5 (Figure 4 ). These estimates are an order of magnitude higher than previous measurements on reefs [Nelson, 1996; Lowe et al., 2005] , and indicative of the importance of a robust healthy reef with complex geometry (Figure 1 ). While wave friction is the largest source of dissipation, the effects of breaking are also important. Wave breaking generally occurs only on the north and south forereef where the reef crest is well defined (Figures 7g and 7h) . For large wave events, or at some locations at scales smaller than the grid resolution, breaking may locally dissipate more wave energy than bottom friction.
Ecological Implications
The importance of bottom friction in reducing wave energy over a relatively healthy and diverse reef is demonstrated in both the field experiments and model results. Our field and modeling results demonstrate the enormous potential of hard coral-dominated reef systems to dissipate wave energy through bottom friction. Because of the vibrant coral reef ecosystem on the atoll's terraces and forereefs, the spatial variation in wave regime is of particular ecological relevance.
Over the entire modeled time period (September 2012 to July 2014), the average wave energy flux was largest at the eastern and western terraces of the atoll, and the northern forereef received about twice as much incoming offshore energy flux as the southern forereef (Figure 9a ). The average wave friction factor was largest in the interior of the atoll, ranged from 1 to 10 on the terraces and was near 1 along the shallow forereef and increased with depth ( Figure 9b ). The mean value of the top 2% of near-bed bottom velocities squared, a proxy for bottom stress independent of the assumed bottom friction (equation (6)), was largest along the northern forereef at shallow depths, and weaker but still significant along the southern forereef and terraces (Figure 9c ). Figure 10 shows over the entire model grid, the cumulative probability of bottom stress (mean of the top 2% of near-bed bottom velocities squared) (Figure 9c ) and depth ( Figure 2a) for each of the geomorphic structures and biological cover based on benthic mapping (Figures 2b and 2c) . The spatial variation in bottom stress exerts control on both the geomorphic structure and biological cover on the atoll (Figure 10 ). In terms of the geomorphic structure (Figures 10a and 10b ), reef rubble, patch reefs, and pavement (low-relief solid carbonate rock) occur along a wide range of bottom stress, suggesting waves have less importance on these structures; and mud and sand occur at low bottom stress as expected. However, aggregate reef (continuous, high-relief coral formation) occurs within a narrow band of moderate bottom stress (0.08 < U 2 b < 0.48 m 2 /s 2 ) and over a wide range of depth, suggesting that bottom stress, not depth, is the primary control on aggregate reef formation. Spur and groove formations, as well as pavement with sand channels, occur in a narrow band of high bottom stress (0.28 < U 2 b < 1.1 m 2 /s 2 ) at shallow depth, suggesting co-controls of waves and depth. Altogether, our results suggest that waves can be a significant factor in formation of these geomorphic structures, a result also noted in previous studies [Storlazzi et al., 2003; Rogers et al., 2015] .
Waves also exert control on the ecological community composition (Figures 10c and 10d) . Very low coral cover (0 < 10%) occur over a wide range of bottom stress, but primarily in shallow depths. Moderate-tohigh coral cover (10-50%, 50-90%, and >90%), however, occur in a narrow band of moderate wave stress (0.10 < U 2 b < 0.41 m 2 /s 2 ) over a wide range of depth. These results suggest that for high coral cover, waves exert a primary control, while depth (and likely light) appears to have a limited effect. Nonetheless, there are a few localized places on the atoll where high coral cover exists under very low wave conditions, for example on the eastern side of the atoll just onshore of the reef crest (North Barren-NB) (Figure 2c ). Hard coral at these locations may thrive based on other processes such as enhanced infragravity wave energy through increased low-frequency wave motions (supporting information Figure S2b ) and/or enhanced mean flow. In contrast to the wave controls on coral distribution, algae occur in a wide range of bottom stress and depth, suggesting waves may have a limited influence on algal cover. We note, however, that since the NOAA benthic surveys aggregate fleshy and calcifying macroalgae, which are known to thrive in very different wave environments Gove et al., 2015] , our interpretive power for understanding wave controls on algal cover is diminished. Coupling high-resolution ecological community composition information along with detailed information about wave dynamics is necessary for improving our understanding of biophysical coupling on coral reef ecosystems.
Conclusions
We characterize the wave dynamics of Palmyra Atoll in the Central Pacific, using field measurements from September 2011 to July 2014 along with a calibrated and validated SWAN wave model. Results indicate that dominant wave energy changes seasonally, with greater energy from the north during the northern hemisphere winter and from the south during the southern hemisphere winter. Storm wave events originating from distant locations are the most significant energy source, but locally generated wind waves are also present.
With the modification of the bottom friction formulation, the SWAN wave model better predicts the bulk wave energy properties at the measured locations than with the existing formulation. Refraction of waves along the reef terraces due to variations in bathymetry leads to focusing of waves in specific locations and varies in time based on wave conditions. Bottom friction is the significant source of wave energy dissipation on the atoll, and wave friction factor results are significantly larger than results from other locations with less geometric complexity. Modeled wave dissipation rates from bottom friction are on average larger than dissipation rates due to breaking, a result which should be corroborated with future in situ measurements. The model could be improved through the inclusion of a coupled hydrodynamic model, specifically the effect of water level due to tides and wave-induced setup. Additionally, future work could include Figure 10 . Cumulative probability of geomorphic structure and biological cover as a function of modeled near bottom velocity squared, a proxy for bottom stress and depth. Geomorphic structure with (a) bottom stress and (b) depth; and biological cover with (c) bottom stress and (d) depth. U 2 b is the top 2% near-bed bottom velocity squared, a proxy for bottom stress, from daily output, 2012-2014.
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connecting bathymetric roughness and complexity data with prediction of wave bottom dissipation, and quantification of wave friction factors at locations with higher bottom friction than measured here.
The near-bed squared velocity, a proxy for bottom stress independent of local frictional effects, shows strong spatial variability across the atoll and is shown to exert control on presence of aggregate reef and spur and groove formations geomorphic structures. We show that bottom stress also exerts control over moderate-to-high percent coral cover (>10%), which occurs within a narrow band of stress, while depth seems to have a limited effect. While these relationships may extend to other reefs with low anthropogenic effects, additional work should be conducted to verify their applicability to other reefs. Previous studies have shown the importance of wave stress in shifting benthic regimes between species and coral morphology. Future work should aim to couple high-resolution ecological and wave studies to better understand biophysical coupling on coral reefs.
